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Abstract— A novel method for generating patient-specific 
high quality conforming hexahedral meshes is presented. The 
meshes are directly obtained from the segmentation of patient 
magnetic resonance (MR) images of abdominal aortic aneu-
rysms (AAA). The MRI permits distinguishing between struc-
tures of interest in soft tissue. Being so, the contours of the 
lumen, the aortic wall and the intraluminal thrombus (ILT) 
are available and thus the meshes represent the actual anato-
my of the patient's aneurysm, including the layered morpholo-
gies of these structures. Most AAAs are located in the lower 
part of the aorta and the upper section of the iliac arteries, 
where the inherent tortuosity of the anatomy and the presence 
of the ILT makes the generation of high-quality elements at 
the bifurcation is a challenging task. In this work we propose a 
novel approach for building quadrilateral meshes for each 
surface of the sectioned geometry, and generating conforming 
hexahedral meshes by combining the quadrilateral meshes. 
Conforming hexahedral meshes are created for the wall and 
the ILT. The resulting elements are evaluated on four patients' 
datasets using the Scaled Jacobian metric. Hexahedral meshes 
of 25,000 elements with 94.8% of elements well-suited for FE 
analysis are generated. 
Keywords— magnetic resonance imaging, abdominal aortic 
aneurysm, intraluminal thrombus, conforming hexahedral 
meshes, finite element analysis. 
i. INTRODUCTION 
An aortic aneurysm is a localized dilation of the aorta 
that can be found anywhere in the artery, the most common 
being the abdominal aortic aneurysms (AAA) [1]. Weaken-
ing of the aortic wall is one of the biggest risks associated 
with this particular disease, which can lead to rupture or 
dissection of the artery. It is possible that blood stagnates in 
the dilation, inducing intraluminal thrombus (ILT) for-
mation [2]. Three different structures may be observed in 
the aorta zone where an aneurysm is present: AAA wall, 
ILT and lumen. 
Evaluating the rupture risk is a critical task due to the 
high mortality associated to this pathology [3]. Solutions 
based on the finite element method (FEM) and fluid-
structure interaction (FSI) modeling can be used to evaluate 
rupture risk [4]. FE simulations for AAAs can be patient-
specific, and permit modeling complex stress states that 
include the effect of the ILT. They also improve local envi-
ronment representation based on preoperative anatomical 
images. 
Generating an appropriate FE mesh is a pre-requisite for 
applying several numerical techniques, including those 
based on FEM [5]. Hexahedral meshes are preferred to 
tetrahedral ones due to: first, a model with the same volume 
is comprised of significantly less hexahedra than one made 
of tetrahedra; and second, there is an aspect ratio distortion 
present in tetrahedral solutions and not in hexahedral solu-
tions [6], what makes hexahedra more suitable for applying 
FEM. However, in the specific case of vascular structures 
the use of hexahedral meshes is specially challenging due to 
the complex 3D branching topology. Hence, a specific algo-
rithm is proposed to work with the geometry of the particu-
lar case study obtained from the patients' preoperative im-
aging. In our context, an aneurysm is characterized by its 
location and shape. About 90% of abdominal aneurysms are 
located below the renal arteries [1]. Furthermore, around 
two out of three abdominal aneurysms are located not only 
in the aorta, but extend to one or both iliac arteries [7]. 
Thereby, the geometry under study can be roughly de-
scribed by a tubular structure in the shape of an inverted Y, 
distorted by the aneurysm and ILT wherever they are pre-
sent. 
Most publications in literature which focus on this topic 
deal with planar bifurcations, i.e. centerlines evolving in a 
single plane [8-9] which do not represent the actual anato-
my of the structures, but refined approximations. De Santis 
et al [10] propose a method for modeling structures evolv-
ing out of a single plane, where conforming meshes of the 
wall and the lumen are presented, but the outer contour of 
the wall cannot be segmented and is reconstructed from 
anatomical data. 
In this study we present a novel and robust procedure for 
generating hexahedral conforming meshes of the aortic wall 
and the ILT with high-quality elements at the bifurcation, 
suitable for FEM analysis of stress states. The developed 
algorithm takes into account the evolution of the vessel's 
centerline out of a single plane and is constructed directly 
from segmented images, not needing reconstructed triangu-
lar surfaces. 
ii. MATERIAL AND METHODS 
A technique for generating two conforming hexahedral 
meshes, one for the AAA wall and another one for the ILT, 
is presented. Starting from the manual segmentation of MR 
images, three quadrilateral meshes are constructed: one for 
the lumen, another for the aortic wall, and another one for 
the ILT, wherever it is present. These quadrilateral meshes 
are combined in order to construct the final hexahedral 
meshes. Generating regularly shaped hexahedral elements at 
irregular anatomic structures such as bifurcations is a chal-
lenging task. In this work we present a novel method to 
handle the meshing at bifurcation producing high-quality 
elements. The algorithm has been implemented using 
MATLAB R2009a (Mathworks Inc., Natick, MA, USA) 
and the resulting meshes have been evaluated by applying 
the Scaled Jacobian metric. 
A. Image segmentation 
A novel MRI acquisition protocol which provides high 
contrast between the aortic wall and the ILT is used. This 
protocol makes it possible to distinguish and segment the 
different structures of interest. Hence, three 3D binary im-
ages of the wall, the ILT and the lumen are obtained for 
each patient using the ITK-SNAP software [11]. 
B. Quadrilateral meshes generation 
The initial phase for modeling the bifurcation consists of 
dividing it into three different vessels, following the idea 
proposed by Lee [12]. Once the vessels have been separat-
ed, each one is divided into two sections that are modeled 
independently, so the quality and number of elements can 
be tuned at each section, depending on the anatomical char-
acteristics of each section. By doing so, the computational 
cost of the process is minimized as the density of elements 
is increased only where necessary. The tuning is controlled 
by a set of parameters that divide the sections in the longi-
tudinal and circumferential directions. 
Three quadrilateral meshes are constructed for the exter-
nal face of the aortic wall (Fig. la), internal face of the 
aortic wall (Fig. lb) and the lumen (Fig. lc), after determin-
ing the sections and setting the parameters. The process for 
generating each mesh is detailed next. The initial axial con-
tours are divided according to the circumferential parame-
ters, which establish points equally spaced over the con-
tours. The union of the corresponding points from each 
axial contour results in a set of longitudinal lines. Then 
these lines are divided by applying the longitudinal parame-
ters. In this case, the resulting points are not equally spaced 
along the longitudinal lines due to the dilation of the bifur-
cation. They are placed further apart the closer they are to 
the bifurcation. Again, the union of corresponding points 
results in new set of circumferential lines. The combination 
of longitudinal and circumferential lines provides the quad-
rilateral mesh. In order to build hexahedral meshes from the 
quadrilateral ones, a set of center points must be available. 
These points are established as midpoints of the extreme 
longitudinal lines. 
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Fig. 1 Quadrilaterals meshes of a) external face of the wall b) internal face 
of the wall c) lumen, d) Hexahedral meshes of the wall and the ILT 
C. Hexahedral meshes generation 
The necessary elements for the construction of hexahe-
dral meshes are the central points and the three quadrilateral 
meshes; one of them is taken as reference. The choice of the 
reference mesh is arbitrary: in this case we have chosen the 
wall's external face mesh. In order to avoid the formation of 
distorted hexahedra, the quadrilaterals of the remaining 
meshes must be refined. This improvement, performed 
using the ray casting technique, is based on the reference 
mesh. The hexahedral mesh of the wall is built by joining 
the quadrilaterals of the external and internal faces of the 
wall. The process is repeated likewise for the generation of 
the hexahedral mesh of the ILT, taking as reference in this 
case the just refined quadrilateral mesh. Any hexahedra 
with no volume (wherever the ILT does not exist, so the 
internal wall's face is equal to the lumen) are removed (Fig. 
Id). 
D. Evaluation of mesh quality 
Within the context of the FE method, the quality of the 
finite elements obtained from the mesh generation greatly 
affects both the convergence of the simulations and the 
resulting approximations to the solutions of the governing 
partial differential equations. Additionally, accuracy in the 
representation of the true, patient-specific in vivo geometry 
also influences the applicability of the results [13]. Metrics 
for mesh quality must detect inverted elements (elements 
which generate meaningless results) and provide an esti-
mate of the mesh's fitness for use in numerical simulations. 
For the analysis for solid structures the Scaled Jacobian is a 
common quality metric [10]. Scaled Jacobian takes the 
range [-1,1] for a hexahedral element, -1 corresponding to 
the worst possible elements and +1 the best possible ones. 
The Scaled Jacobian applies only to regular hexahedral 
elements having eight (distinct) vertices at different spatial 
locations in 3D space. We use the open source program 
Paraview (Kitware, Inc., Clifton Park, New York, USA) to 
evaluate the Scaled Jacobian, among other quality metrics. 
in. RESULTS 
The performance of the technique described in the meth-
odology was tested over a set of four MRI studies of pa-
tients presenting AAAs near the bifurcation of the iliac 
arteries. We are able to generate conforming hexahedral 
meshes, e.g. containing 25,000 elements in approximately 
30 sec using a PC with 3 GHz Core Duo Pentium, 8 GB 
RAM and a 64 bit OS. 
Fig. 2 illustrates in a qualitative way the resulting con-
forming hexahedral meshes of the arterial wall, while Fig. 3. 
illustrates their corresponding ILTs (not to scale). The 
meshes in Figs. 2 and 3 are shaded according to the Scaled 
Jacobian of the mesh elements. 
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Fig. 2 Results for four representative Abdominal Aortic Aneurysms 
(AAAs) walls using 'ios Scaled Jacobian as a measure of element quality. 
Table 1 presents a quantitative description of the ele-
ment's quality distribution. The defined ranges for this 
distribution represent from the unacceptable results (<0.0) 
until the excellent quality elements (0.8-1.0). Both the dis-
tribution of the Scaled Jacobian values for the separated 
layers of the AAA walls (intima, media and adventitita), 
and the separated layers of the ILTs (luminal, medial and 
abluminal) are illustrated for the four representative MRI 
studies. The representation is in terms of the arithmetic 
means and the standard deviations. Elements with Scaled 
Jacobian values in the range of 0.5 to 1.0 are well-suited to 
FE analysis [9]. 
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Fig. 3 Results for four representative Abdominal Aortic Aneurysms 
(AAAs) intraluminal thrombi (ILTs) using the Scaled Jacobian as a meas-
ure of element quality. 
Table 1 Distribution frequencies (%) of scaled Jacobian values for individual layers in AAA wall and AAA thrombus, expressed as the arithmetic mean 
(AM) and the standard deviation (SD) of the patient set 
Scaled Jacobian 
Adventitia 
Media 
Intima 
Abluminal 
Medial 
Luminal 
< 
AM 
-
-
-
-
-
-
3 
SD 
-
-
-
-
-
-
0.0 
AM 
2.05 
1.52 
1.29 
0.83 
1.05 
1.43 
0.2 
SD 
3.42 
3.24 
2.80 
1.85 
2.35 
2.44 
0.2 
AM 
7.86 
6.97 
6.34 
3.49 
2.01 
2.05 
0-4 
SD 
5.70 
6.05 
6.22 
4.33 
3.13 
2.22 
0.4 
AM 
18.65 
19.18 
19.74 
16.97 
13.16 
11.21 
0.6 
SD 
3.27 
3.66 
4.06 
11.41 
11.07 
11.90 
0.6 
AM 
36.36 
37.17 
37.81 
35.42 
34.44 
37.39 
0.8 
SD 
2.53 
1.96 
2.84 
12.21 
15.19 
14.85 
0.8 
AM 
35.08 
35.16 
34.82 
43.29 
49.35 
53.92 
1.0 
SD 
7.21 
7.81 
7.95 
25.81 
28.75 
29.46 
iv. DISCUSSION ACKNOWLEDGMENT 
Negative values signify invalid (inverted) elements ill-
suited to FE analysis. For the ILTs, the element quality is 
generally at a very high level: there are no elements with 
negative Scaled Jacobian values and 94.8% of the total 
elements exhibit Scaled Jacobian values greater than 0.5. 
Thrombi of different shapes and located at different heights 
of the artery are represented. Importantly, note that the 
(layered) wall shapes are generally more complex than the 
thrombi shapes. Nonetheless, the elements of the AAA wall 
are also of high quality: 87.8% of elements in the wall ex-
hibit Scaled Jacobian values greater than 0.5; meanwhile 
only 0.22% fall below 0.2. In the examples shown, we use 
approximately 25,000 elements per mesh (suitable for FE 
analysis in less than one week). 
The relatively low quality elements do not occur in the 
region of the bifurcation, but rather at regions where the 
surfaces of the original geometry lie relatively parallel to 
the original MR Imaging planes, due either to the presence 
of the ILT or to the tortuosity inherent to the arteries, as 
illustrated in Fig. 4. 
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Fig. 4 Representative result for a patient-specific AAA: Scaled Jacobian 
shown with range 0.0-0.5. Relatively low quality elements do not occur 
in the region of the bifurcation (c), but rather at regions where the surfaces 
of the geometry lie relatively parallel to the original MRI planes(a-b). 
v. CONCLUSIONS 
In this work we propose a novel procedure for generating 
patient-specific conforming hexahedral meshes of AAAs 
and their corresponding thrombi with high-quality elements, 
particularly in the area of the bifurcation into the iliac arter-
ies. These structures are divided into their layered morphol-
ogies. By doing so we provide novel input for simulations, 
as the layers have different histological and mechanical 
properties, representing the actual anatomy of the structures. 
The authors gratefully acknowledge the financial support 
of the EC under the 7th Framework Programme in the frame 
of project SCATh, FP7-ICT-2009-4-248782. 
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